In the germarium of the Drosophila ovary, germline cysts are encapsulated one at a time by a follicular epithelium derived from two follicle stem cells (FSCs). Ovaries in flies mutant for the serine/ threonine kinase Pak exhibit a novel phenotype, in which two side-byside cysts are encapsulated at a time, generating paired egg chambers. This striking phenotype originates in the pupal ovary, where the developing germarium is shaped by the basal stalk, a stack of cells formed by cell intercalation. The process of basal stalk formation is not well understood, and we provide evidence that the cell intercalation is driven by actomyosin contractility of DE-Cadherin-adhered cells, leading to a column of disk-shaped cells exhibiting a novel radial cell polarity. Cell intercalation fails in Pak mutant ovaries, leading to abnormally wide basal stalks and consequently wide germaria with side-by-side cysts. We present evidence that Pak mutant germaria have extra FSCs, and we propose that contact of a germline cyst with the basal stalk in the pupal ovary contributes to FSC niche formation. The wide basal stalk in Pak mutants enables the formation of extra FSC niches which are mispositioned and yet functional, indicating that the FSC niche can be established in diverse locations.
INTRODUCTION
The germarium, at the anterior end of each ovariole in the Drosophila ovary, is a popular structure for the study of stem cell niche formation (Spradling et al., 2008) . In the germarium, two or three germline stem cells (GSCs) located at the anterior tip in region 1 (Fig. 1A) give rise to daughter cells, which divide to form cystoblasts. Cystoblasts are encased by escort cells, which move them posteriorly along the germarium by passing them from one escort cell to the next . Four incomplete divisions in each cystoblast generate a 16-cell germline cyst, which flattens to span the whole width of the germarium in region 2a/2b, halfway down the germarium. Here, cysts encounter two follicle stem cells (FSCs), on opposite sides of the germarium, which encapsulate one cyst at a time in a monolayer of follicle cells (Losick et al., 2011; Nystul and Spradling, 2007) ( Fig. 1A,C) . The FSC niche is an example of a dynamic epithelial stem cell niche with similarities to niches in other epithelial tissues (Sahai-Hernandez et al., 2012; Sahai-Hernandez and Nystul, 2013) . The FSC contributes to formation of its own niche through secretion of the extracellular matrix (ECM) protein Laminin A (LanA), which anchors the FSC to the 2a/2b border and controls FSC proliferation through its function as an integrin ligand (O'Reilly et al., 2008) . DECadherin functions to maintain the FSC in the niche by adhering it to the immediately adjacent escort cell (Song and Xie, 2002) . The details of how the FSC niche becomes positioned at the 2a/2b border are still being elucidated, although recent studies indicate that it involves intersecting gradients of ligands for the Hedgehog (Hh), Wingless (Wg) and JAK-STAT pathways (Sahai-Hernandez and Nystul, 2013; Vied et al., 2012) .
The FSC must be specified before formation of the adult ovary to ensure that the first germline cyst to travel through the germarium is encapsulated into a follicular epithelium. During ovarian development, a mesenchymal cell mass becomes organized into individual ovarioles through the formation of cell stacks by intercalation to form the terminal filaments, basal stalks and interfollicular stalks Sahut-Barnola et al., 1995) . It is likely that the FSC niches become established during these events.
The group I p21-activated kinases (Paks) are important regulators of the F-actin cytoskeleton, and we have been studying the function of Pak in development of the follicular epithelium in the Drosophila ovary, where Pak can affect cell shape through the regulation of actomyosin contractility (Conder et al., 2007; Vlachos and Harden, 2011) . Here, we characterize a unique phenotype in Pak mutant ovarioles bearing age-matched, side-by-side fused egg chambers. These fused egg chambers each have their own complete follicular epithelium, indicating that the Pak mutant germarium is capable of encapsulating two cysts at a time instead of the usual one. This suggests that there is extra FSC activity in the Pak mutant germarium, and we present evidence that this extra activity is due to supernumerary FSCs occupying supernumerary niches. In searching for the cause of these supernumerary niches, we have determined that Pak mutant pupal ovaries have a cell intercalation defect in the formation of the basal stalk, causing it to be wider than normal. In characterizing the basal stalk we have discovered a novel radial cell polarity in the basal stalk cells. We propose that the basal stalk is used to position the first germline cyst during formation of the germarium, and that this cyst positioning contributes to formation of the FSC niche. The wider basal stalk in Pak mutant ovaries allows side-by-side positioning of cysts, which might enable formation of supernumerary FSC niches and FSCs. Despite being mislocalized, these supernumerary FSCs are capable of generating a functional follicular epithelium.
RESULTS
Side-by-side encapsulation of cysts in Pak mutant germaria indicates an increase in FSC activity Females trans-heterozygous for alleles of Pak are sterile, with defects in actin cytoskeletal organization and apicobasal polarity in the follicle cells covering egg chambers (Conder et al., 2007) . Many Pak mutant ovarioles exhibited an additional phenotype of side-byside, paired egg chambers that was initially evident in the germarium (Fig. 1B,D ) and was present throughout the ovariole (Fig. 1F ). These paired egg chambers each had a wild-type number of germ cells and their own complete follicular epithelium, such that, at the region of fusion, there was a bilayered epithelium (Fig. 1G ). To our knowledge, this striking paired ovariole phenotype has not been reported previously. Side-by-side cysts in the germarium have been described previously, but these are not individually encapsulated as they become egg chambers (Frydman and Spradling, 2001; Gonzalez-Reyes and St Johnston, 1998; Hartman et al., 2010; McCaffrey et al., 2006; Muzzopappa and Wappner, 2005; O'Reilly et al., 2006; Song and Xie, 2003) . In most cases, these side-by-side cysts appear to be due to a failure of cysts to flatten at the 2a/2b boundary (Frydman and Spradling, 2001; Gonzalez-Reyes and St Johnston, 1998; McCaffrey et al., 2006; Muzzopappa and Wappner, 2005; O'Reilly et al., 2006) . However, this was not the case in Pak mutant ovarioles, where side-by-side flattening of cysts occurred (Fig. 1D) .
We observed Pak mutant ovarioles in which an unpaired egg chamber was followed by paired egg chambers, as well as the occurrence of unpaired egg chambers positioned to one side or the other of an aberrant 'stalk' of follicle cells (Fig. 1H-J) . These unpaired egg chambers on the sides of the stalk gave the appearance of being 'paired' egg chambers lacking their partners (Fig. 1I) . We quantified the various phenotypes in one-day-old and four-day-old Pak mutant adult ovaries to test whether there were any changes in distribution as the fly aged (supplementary material Table S1 ). Due to the short lifespan of Pak mutant adults it was not possible to look at older ovaries. The phenotype of unpaired egg chambers on the side of a stalk was significantly more prevalent in older ovarioles, suggesting that this phenotype emerges as the fly ages (supplementary material Table S1 ).
Follicle cell types are specified in paired Pak mutant egg chambers Does the FSC produce a fully functional follicular epithelium in the paired egg chambers of Pak mutant females? Normally, this cannot be addressed owing to the degradation of all Pak chambers at around stage 10 (Conder et al., 2007) ; however, as we previously demonstrated, heterozygosity for any component of the Rhoactivated actomyosin contractility pathway suppresses this degradation (Vlachos and Harden, 2011) . Heterozygosity for an allele of Rho1 enabled a small number of Pak mutant paired-egg chambers to develop into fused mature eggs, complete with dorsal appendages (Fig. 1K) . Thus, if later Pak mutant phenotypes are suppressed, the FSCs in Pak mutant ovaries are capable of supplying a normal follicular epithelium to paired egg chambers.
During development of the follicular epithelium, three follicle cell types are specified: main-body follicle cells, polar cells and stalk cells [reviewed by Horne-Badovinac and Bilder (2005) ]. The polar cells are pairs of cells at the poles of the egg chamber that are required for specification of the stalk cells, a bridge of disk-shaped cells linking adjacent egg chambers. Failure to specify stalk cells leads to end-to-end fusions of egg chambers, in contrast to the sideby-side fusions seen in Pak mutant ovarioles [see e.g. Assa-Kunik . We examined specification of the polar cells and stalk cells in Pak mutant ovarioles by staining for markers that are elevated in these cell types. Anti-FasIII staining revealed the presence of polar cells, but these tended to be aberrantly positioned and variable in number (Fig. 2B ). Anti-βPS integrin staining revealed that the stalks linking sets of paired egg chambers in Pak mutant ovarioles were wider than in the wild type (WT) and containing more cells, which were frequently organized into two rows of cells in contrast to the normal one row (Fig. 2D) . We conclude that the Pak mutant side-by-side fused egg chamber phenotype is not caused by loss of stalk cells.
Evidence for extra FSCs in Pak mutant germaria
Other mutants producing side-by-side cysts in the germarium do not show paired encapsulation of cysts (Frydman and Spradling, 2001; Gonzalez-Reyes and St Johnston, 1998; Hartman et al., 2010; McCaffrey et al., 2006; Muzzopappa and Wappner, 2005; O'Reilly et al., 2006; Song and Xie, 2003) , presumably because they have a wild-type number of FSCs that are incapable of encapsulating two cysts at a time. We searched for evidence of extra FSCs in Pak mutant germaria. Excessive JAK-STAT signaling in the germarium leads to the production of putative supernumerary FSCs in inappropriate locations, including βPS integrin-expressing cells located internally in the germarium, distant from the germarial wall (Vied et al., 2012) . Internally placed FSCs would be ideally positioned to provide follicle cells at the interface of the paired cysts in Pak mutant germaria, and we looked for their presence. Recent studies have identified two markers expressed in FSCs and their progeny: follicle cell nuclear antigens and Castor (Cas). Staining ovaries for either of these markers together with anti-FasIII reveals probable FSCs as positive for the marker but negative for FasIII (Chang et al., 2013; Hartman et al., 2013 3D ), whereas in Pak mutant germaria, we saw additional, internal LanA accumulation, further evidence for internally positioned FSCs (Fig. 3E) . To test the hypothesis that elevated FSC activity enables Pak mutant ovarioles to package two cysts at a time, we looked at the effect of reducing FSC activity in Pak mutants. Both Hedgehog and JAK-STAT signaling are required for FSC activity in the germarium, and elevated signaling by either pathway results in the accumulation of supernumerary FSC-like cells (Forbes et al., 1996a,b; Hartman et al., 2010; Vied et al., 2012; Kalderon, 2000, 2001) . We created Pak mutant females heterozygous for alleles of hh or hopscotch (hop, which encodes Drosophila JAK), and in both cases we observed side-by-side cysts that were encapsulated together into a single follicular epithelium or only partially separated by a bilayer of follicle cells ( Fig. 3F-I ). To confirm that we were indeed seeing encapsulation of two side-by-side 16-cell cysts and not one 32-cell cyst, we counted the number of ring canals in the oocytes.
Oocytes from 32-cell cysts with two oocytes have five ring canals instead of the usual four, with one ring canal connecting the two oocytes (Mata et al., 2000) . In Pak mutant ovarioles heterozygous for hop alleles, the side-by-side oocytes each had four ring canals, indicating that they were derived from separate 16-cell cysts (Fig. 3I ,J). These results indicate that the ability of Pak mutant germaria to encapsulate side-by-side cysts into separate follicular epithelia is due to excessive FSC activity; if this FSC activity is reduced, some side-by-side cysts are no longer encapsulated individually. Analysis of Pak mutant clones produced results consistent with there being extra FSCs in Pak mutant germaria. The ovariole shown in Fig. 3L -L″ is similar to the ovariole shown in Fig. 1I , in that there is a single egg chamber followed by two egg chambers on the side of an aberrant stalk. In wild-type ovarioles, cysts are encapsulated by follicle cells produced by two FSCs in separate niches on opposite sides of the germarium, with equal contributions from each FSC Spradling, 2007, 2010) . If a given cyst in Pak mutant ovarioles is similarly served by two FSCs, then the FSCs encapsulating the first egg chamber in Fig. 3L -L″ both appear to be GFP positive. However, the aberrant stalk that follows this first cyst is largely GFP negative, as are many of the follicle cells surrounding the two younger egg chambers, suggesting the existence of a third GFP-negative FSC.
The paired egg chamber phenotype is caused by loss of Pak in pre-adult somatic cells
We used clonal analysis and tissue-specific expression of a Pak RNAi transgene to determine when and where Pak is required to prevent the side-by-side egg chamber phenotype. This phenotype was never seen when only germline cells were mutant for Pak, but could be replicated by loss of Pak in somatic cells when clones were induced in third-instar larvae but not in adults ( Fig. 4A ; and data not shown). We observed paired egg chambers in which at least one FSC was WT for Pak, indicating that loss of Pak in all FSCs is not required to generate the phenotype (Fig. 4A) . The escort cells, a somatic cell population in the germarium, were consistently Pak mutant in the affected ovarioles (Fig. 4A) . To confirm that loss of Pak in somatic cells was causing the paired egg chamber phenotype, we used the somatic cell-specific Gal4 lines c587-Gal4 (Kai and Spradling, 2003) , Bab1-Gal4 (Bolívar et al., 2006) and TJ-Gal4 (Hayashi et al., 2002; Li et al., 2003; Tanentzapf et al., 2007) to drive Pak RNAi transgene expression. With all drivers, Pak RNAi expression produced paired egg chambers ( Fig. 4B-E) . All of these drivers are expressed throughout ovary development, beginning in the larval ovary, thus suggesting that loss of Pak in somatic cells during ovarian development leads to the side-by-side encapsulation of egg chambers. Further analysis of ovaries in which Pak RNAi had been expressed with TJ-Gal4 showed additional parallels to our results from Pak mutant ovaries. A similar distribution of phenotypes was seen, including the 'unpaired egg chamber on side of stalk' phenotype, the frequency of which, as in Pak mutants, was higher in older flies (supplementary material Table S2 ; Fig. 4E ).
Pak RNAi expression also generated paired cysts that were either only partially separately encapsulated or packaged together in a single follicular epithelium (Fig. 4F,G) . These phenotypes are similar to those seen in Pak mutants heterozygous for hh or hop alleles.
We used the temperature-sensitive Gal4 repressor Gal80ts to analyze when loss of Pak generates the paired egg chamber phenotype (McGuire et al., 2004) . Gal80ts repression of TJ-Gal4 expression of Pak RNAi during pre-adult stages was achieved by maintaining the cross at a permissive temperature of 18°C until eclosion. After eclosion, adults were shifted to the restrictive temperature of 29°C for two days, thus enabling Pak RNAi expression, and ovaries were dissected. Only 2% of ovarioles (n=98) from these individuals showed egg chamber pairing throughout the ovariole, compared with 22-47% of ovarioles from flies in which TJ-Gal4 expression of Pak RNAi had never been repressed. We conclude that loss of Pak in pre-adult somatic cells causes a paired ovariole phenotype. In an effort to identify the origin of the side-by-side egg chamber phenotype, we examined Pak mutant larval and pupal ovaries for defects, and, whereas larval to mid-pupal ovaries showed no obvious abnormalities (supplementary material Fig. S1 ), late-pupal ovaries were clearly abnormal, in that the basal stalks had not formed properly (Figs 5 and 6 ). The segregation of cells in the pupal ovary into individual ovarioles is initiated by the posterior migration of the apical cells between the terminal filaments and onwards, dividing the somatic basal stalk precursor cells into clusters of cells King, 1970) . These cells flatten and intercalate into a transient structure called the basal stalk that is initially two cell diameters wide, with the outer edges of the cells in contact with the basement membrane. This structure later resolves into what is largely a single column of cells in contact with the first germline cyst produced in that ovariole (Fig. 5A) . Pak was expressed in both the germline cyst and the basal stalk in the pupal ovary (Fig. 5A, inset) . The basal stalk failed to resolve into a single column of cells in Pak mutant ovaries, and stalks were short and wide, frequently contacting two germline cysts at a time instead of the usual one (Fig. 6A-A″) . We measured the width of basal stalks at the point of contact with germline cysts and found that Pak mutant stalks were twice as wide as WT (supplementary material Fig. S2 ). The formation of the basal stalk is an example of a mesenchymal cell intercalation with parallels to notochord cell intercalation in Xenopus (Keller, 2006) . Basal stalk formation remains largely uncharacterized, and we examined the wild-type process in more detail in the hope of gaining insight into the mechanism of cell intercalation and the putative role of Pak. By staining for the basal marker βPS-integrin we confirmed that the basal stalk is surrounded by basement membrane (Fig. 5B) . The structure of the mature basal stalk suggests a transition from mesenchymal cells to an epithelium and we looked for the formation of adherens junctions by staining for DE-Cadherin. Close examination of the basal stalk revealed three distinct cell organizations that are probably different stages in the intercalation process. The cells at the anterior end of the basal stalk remained as two columns, but were linked by adherens junctions at their inwardfacing edges (Fig. 5C-E″) . In the middle of the stalk, cells were organized into a single column of bottle-shaped cells, with their constriction beginning at about the position of the adherens junction (Fig. 5F) . Finally, the posterior end of the basal stalk consisted of disk-shaped cells in a single column (Fig. 5A, arrowhead) . The basal stalk cells that were organized into a single column constituted an epithelium with a unique organization, which was best visualized in cross-sectional views of the basal stalk ( Fig. 5G-K ). Cells were linked by a spot adherens junction in their middle that was surrounded by the basolateral marker FasIII, and the cell cortex was ringed by basement membrane.
Pak mutant basal stalks were two cells wide for their entire length, remaining as two columns of cells linked by adherens junctions at their inward-facing edges, suggesting a failure of cell intercalation (Fig. 6A-C″) . A requirement for Pak in basal stalk cell intercalation is consistent with its established roles in regulating the actin cytoskeleton during cell shape change and motility (Bokoch, 2003) . We have shown that Pak regulates actomyosin contractility during development of the follicular epithelium, and it is possible that misregulation of contractility underlies the Pak basal stalk phenotype (Vlachos and Harden, 2011) . We assessed the status of actomyosin contractility in basal stalks by staining for phosphorylated myosin light chain ( pMLC), which reveals active myosin. Interestingly, the pMLC distribution in wild-type basal stalks indicated dynamic regulation of actomyosin contractility, with some cells devoid of pMLC and others with very high levels ( Fig. 5M-M″ and Fig. 6D ). By contrast, a weak, uniform distribution of pMLC was seen in Pak mutant basal stalks (Fig. 6E) .
The results of our analysis of basal stalk formation suggest that the paired ovariole phenotype in Pak mutants originates in the late pupal stage. The small number of paired ovarioles seen when Pak RNAi was expressed only in the adult might be due to leaky Gal80ts repression (Kamikouchi et al., 2009 ) and/or 'lagging' ovarioles, in which basal stalk development persisted into adulthood. With regard to the latter, we and others have observed basal stalks in the ovarioles of newly eclosed females (Smith et al., 2002 ; and data not shown), and it is possible that basal stalk cell intercalation still occurs in some adult ovaries.
Pak mutant ovaries have short, wide germaria with a reduced number of escort cells
We extended our analysis of the effects of Pak on somatic cell specification by examining somatic cells in the germarium, using the enhancer trap PZ1444, which positively marks the cap cells and escort cells (Decotto and Spradling, 2005; Kai and Spradling, 2003) . We found that wild-type germaria had an average of 29 escort cells, whereas Pak mutant germaria had an average of 15 escort cells (Fig. 6F,G ; supplementary material Table S3 ). Wild- type and Pak mutant germaria had similar numbers of germline cysts (supplementary material Table S3 ), indicating that the ratio of escort cell number to number of germline cysts had been halved in Pak mutant germaria. Accompanying the reduction in escort cell number in Pak mutant germaria were a significant shortening of region 1/2a of the germarium along the anterior-posterior axis and a significant widening of the germarium (supplementary material Table S3 ). These results suggest that basal stalk widening, reduction in escort cell number and resulting increase in FSC number lead to a wide germarium with a short anterior region in which cysts can be encapsulated two at a time using anteriorly displaced FSC niches.
DISCUSSION
Pak is required for cell intercalation during basal stalk formation leading to a column of cells with unique radial cell polarity
Based on our observations, we propose a model for cell intercalation in the basal stalk (Fig. 5L ). Mesenchymal cells organize themselves into two columns, migrate toward each other, begin intercalating and form adherens junctions. A commonly used mechanism for epithelial morphogenesis is apical constriction of cells by an actomyosin contractile apparatus anchored to adherens junctions (Sawyer et al., 2010) . In a typical epithelium, in which cells are all oriented in the same direction, apical constriction causes bending of the tissue. However, in the basal stalk, constriction of cells organized in alternating directions could drive the transition from partial intercalation into a single column of bottle-shaped cells. Release of this constriction would then lead to the final morphology of disk-shaped cells, with the basal stalk lengthening similar to a bellows being opened up. Stalk cells showing high levels of pMLC in our immunohistochemistry might have been caught in the midst of constricting, whereas those with low levels were not actively changing shape. The cell intercalation during basal stalk formation might serve as a mechanism for pulling the protein meshwork of the basement membrane inwards, acting as a 'corset' to compress the entire developing ovariole into a long, narrow structure, in which germline cysts are encapsulated one at a time. In support of this model are results suggesting that, in primitive streak formation in the quail, intercalating cells drag the extracellular matrix toward the midline (Zamir et al., 2008) . In Pak mutant ovarioles, actomyosin constriction is misregulated and the resulting failure to complete intercalation leads to a short, wide germarium, which, as discussed below, can encapsulate two cysts at a time. When viewed in cross-section, the one-cell-wide column of basal stalk cells reveals a unique organization of round, flat cells, linked together by a spot adherens junction in their middle. We describe this organization as 'radial cell polarity', in that proteins that are normally distributed along the apicobasal axis of an epithelial cell are radially localized in the same plane, with the normally apical adherens junction in the middle, and basolateral and basal proteins circumferentially distributed. To our knowledge, this cellular organization has not been previously described, although the term 'radial cell polarity' has been used to describe the localization of Rho-associated kinase and myosin to the middle of the apical cortex of ventral furrow cells during Drosophila gastrulation (Mason et al., 2013) . The radial cell polarity in the basal stalk presumably results from the cell intercalation process. Adherens junctions are initially established between the inward-facing edges of cells. The cells then 'spread out' from these junctions to form a column of cells one cell wide, which leaves the adherens junction in the middle of each cell (Fig. 5L) .
In which cells does loss of Pak cause the wide basal-stalk phenotype and, consequently, side-by-side encapsulation of cysts? We suspect that Pak functions in the basal stalk cells to regulate cell intercalation in a cell-autonomous fashion and that it is loss of this activity that causes the phenotypes. If this is the case, generating the paired egg-chamber phenotype with Pak clones would require loss of Pak in precursor cells upstream of basal stalk cell proliferation. Consistent with this, paired ovarioles resulting from Pak clones are derived from germaria with largely Pak mutant somatic cells (Fig. 4A) , which could be due to loss of Pak in early somatic cell precursors, the descendants of which include the basal stalk and escort cells.
A model for positioning of the FSC niche
Taking our data into consideration with previous studies, we have developed a model for positioning of the FSC niche (Fig. 7) . The FSC niche must be ready to encapsulate the first germline cyst that matures in the pupal ovary. One way to ensure this is to have cyst maturation initiating development of the niche. The escort cells form a component of the niche and their long cellular processes can only develop in the presence of differentiated germ cells (Kirilly et al., 2011; Nystul and Spradling, 2007; Sahai-Hernandez and Nystul, 2013; Song and Xie, 2002) . We propose that contact of a mature germline cyst with the basal stalk is required for formation of a pair of FSC niches. The posterior-most extent of cyst positioning, and hence location of the FSC niches, is determined by the basal stalk, which immobilizes the first germline cyst. Maturation of the first cyst enables process extension by neighboring escort cells, which then contributes to niche formation. Two cells, possibly escort cells or a common escort/FSC precursor, on opposite sides of the cyst from each other, are destined to become FSCs. These cells are established and maintained as FSCs through the formation of DE-Cadherin-based adhesion to neighboring escort cells (Song and Xie, 2002) In the case of Pak mutant ovarioles, the wide basal stalk forms a second 'cyst-docking station', allowing a second cyst to direct specification of a second pair of FSCs, possibly at the expense of escort cells (Fig. 7B) . Visual evidence for the existence of these FSCs comes from the detection of extra Cas-positive, FasIIInegative cells as well as ectopic LanA in Pak mutant germaria. The extra FSCs in the Pak mutant germarium are remarkably efficient at carrying out the individual encapsulation of paired cysts, with packaging of paired cysts into a single follicular epithelium only occurring when FSC activity is impaired by heterozygosity for hh or hop. Similarly, when Pak function is impaired by RNAi expression with TJ-Gal4, most paired cysts are encapsulated individually, although occasional packaging of two cysts in one follicular epithelium does occur (Fig. 4G) . The Pak mutant germarium appears unable to sustain the flow of side-by-side cysts through the two pairs of FSCs, and some cysts get encapsulated without a partner. Strikingly, as the flies age, the phenotype of unpaired cysts on either side of an aberrant stalk becomes more prevalent. We suggest that this phenotype is due to a period of only one pair of FSCs at a time being used for cyst encapsulation, with extra follicle cells produced by the 'unused' FSCs contributing to formation of the aberrant stalk (Fig. 7C) . The unpaired cysts are found on one side or the other of the aberrant stalk, depending on which pair of FSCs was used.
We propose that, in the Pak mutant pupal ovary, cells that would normally contribute to the escort cell population are redirected to become FSCs in supernumerary niches, and that this might explain the reduced number of escort cells compared with WT. Escort cells play an active role in transporting cysts through the germarium (Decotto and Spradling, 2005; Morris and Spradling, 2011) . The successful encapsulation of germline cysts despite a paucity of escort cells in Pak mutants might be due to the fact that the escort cells are frequently transporting two cysts at a time instead of the usual one. In addition, the escort cells need not transport the cysts as far as in wild-type germaria, as regions 1 and 2a are shortened.
A recent study proposed that the FSC niche is regulated by intersecting gradients of ligands for signaling pathways, including Hh and JAK-STAT (Vied et al., 2012) , and these probably work together with germline cyst contact to specify which cells can become FSCs. Elevated JAK-STAT signaling leads to what appear to be supernumerary FSCs in ectopic positions, similar to what we see in Pak mutants (Vied et al., 2012) . In the case of elevated JAK-STAT, the recruitment of more cells as FSCs might be due to more cells experiencing the appropriate internal level of pathway activation, whereas in Pak mutant germaria, more cells are positioned to respond to ligands and become FSCs.
The FSC is faced with a unique challenge in that it must generate an epithelium to package a 'moving target', the germline cyst. Having the germline cyst position the FSC niche ensures that the niche always forms in a position in line with the flow of cysts from the anterior of the germarium. Our results indicate that the FSC can function normally to produce follicle cells even when in a mispositioned niche. Our analysis of Pak mutant ovarioles demonstrates that the position and number of FSC niches can vary in the germarium and yet all the cysts that pass through still get encapsulated into their own follicular epithelium. Our data suggest that Pak mutant germaria with paired follicles have at least three FSC niches (two lateral niches and one internal niche), and possibly four separate niches, one for each FSC. The remarkable plasticity of the FSC niche enables encapsulation of two cysts at a time in the Pak mutant ovary.
There is evidence in mammals for the association of precursors of epithelial stem cells with germ cells prior to follicle formation. During mammalian oogenesis the oocyte becomes encased in a single layer of several precursor epithelial granulosa cells to form the primordial follicle (Pepling, 2006) . This layer of cells has been proposed to contain resting granulosa stem cells that, following activation of the follicle, produce a follicular epithelium that encases the oocyte during the formation of the mature follicle Rodgers et al., 1999) . Our proposed association of precursor FSCs with the germline cyst in the pupal ovary could be considered the Drosophila equivalent of the primordial follicle, and it would be of interest to determine if there are parallels between flies and mammals in the specification of the stem cell niche that drives formation of the follicular epithelium.
MATERIALS AND METHODS

Drosophila stocks and somatic clone analysis
Pak
RNAi flies were from the Vienna Drosophila RNAi Center (Vienna, Austria), Pak 1118 stock was used as a wild-type control in this study. Pak somatic clones were induced using the FLP/FRT method (Xu and Rubin, 1993) . To induce Pak loss-of-function clones using hsFLP, third-instar larvae from the appropriate crosses were heat-shocked at 37°C for 2 h for 3 consecutive days. Female progeny of the genotype hsFLP; Pak 22 FRT82B/UbiGFP FRT82B were grown on media containing yeast for 2-3 days to allow for optimal development and maturation of ovaries.
Immunohistochemistry
Larval and pupal ovaries were dissected in PBS, fixed in 4% formaldehyde for 20 min, then rinsed in PBS, blocked with 0.1% PBT+0.5% BSA and stained with primary and secondary antibodies. Adult ovaries were dissected, fixed and stained as previously described (Verheyen and Cooley, 1994) . Primary antibodies used in this study were monoclonal anti-BicD [1B11, Developmental Studies Hybridoma Bank (DSHB); 1:10], mouse monoclonal anti-Hts 1B1 (DSHB; 1:5), mouse monoclonal antiHtsRC (DSHB; 1:20), mouse monoclonal anti-Fasciclin III (FasIII) (7G10, DSHB; 1:100), rabbit anti-GFP (G1544, Sigma; 1:500), rat monoclonal anti-Vasa (DSHB; 1:100), guinea pig anti-TJ (Li et al., 2003; 1:5000) , rabbit anti-β-galactosidase (ab616, Abcam; 1:2000), rabbit anti-Pak (Harden et al., 1996 ; 1:1000), rat monoclonal anti-DE-Cadherin (DCAD2, DSHB; 1:50), mouse monoclonal anti-Dlg (DLG1, DSHB; 1:5), mouse monoclonal anti-β-PS integrin (CF.6G11, DSHB; 1:2) and rabbit anti-Castor (Chang et al., 2013; 1:500) . Secondary antibodies were used at a 1:200 dilution and were conjugated to Cy5, FITC or TRITC. To visualize F-actin, ovarioles were incubated with 1:1000 FITC-conjugated phalloidin (Sigma) for 30 min with rotation. Samples were mounted in VECTASHIELD Mounting Medium with DAPI (Vector Laboratories). Images were acquired using Zeiss LSM 410 or Nikon A1R laser-scanning confocal microscopes or a Zeiss ApoTome structured-illumination microscope and processed using Adobe Photoshop.
